median was also applied to oxygenated compounds. The ratio of each VOC to benzene was then 156 determined. Benzene is a well-calibrated compound with few interferences on the PTR-MS;
Results and Discussion

161
Primary compounds 162
Primary compounds are defined as those species that are directly emitted and not formed by 163 photochemistry. The rate of change with time of a single, primary VOC can be written as
165
where PVOC is the emission rate of the VOC and kVOC is the rate constant for the reaction of the . Additionally, reaction rates of the primary species considered here (C6-
171
C10 aromatics) with O3 and NO3 are at least several orders of magnitude lower than reaction rates 172 with OH (Atkinson and Arey, 2003) . Di are rate constants for first-order loss processes; e.g. 
176
Using the partial derivatives of ratio(t) with respect to [A] and [B] , the rate of change of the ratio 177 is:
179
Then, substituting Equation (1) for dA/dt and dB/dt, we arrive at: The primary emission rate (PB), emission ratio (ER), and the concentration of OH are unknown.
183
The emission ratio (ER=PA/PB) is the ratio of two VOCs in fresh emissions (time t = 0) and is a measure of source composition. We consistently used benzene as the denominator in the ratio, so to VOCs measured by PTR-MS using Equation (2c) includes the following assumptions. 194 195 (1) For each first-order loss process, rate constants are nearly identical for aromatic compounds
196
(DiA=DiB=Di). These loss processes include mixing out of the basin, photolysis, and deposition.
197
Mixing is dependent on dynamics and not on chemical characteristics, so mixing loss rate constants small and similar to one another (Etzkorn et al., 1999) and types of fossil fuel extraction activity (Oltmans et al., 2014) . The time period analyzed,
218
characterized by a strong temperature inversion and light winds (Fig. 1) , was specifically selected 219 to support these assumptions.
221
Emission rates and ratios
222
The analysis is first applied to night-time data only (any points where solar radiation is zero), to 223 estimate PB and ER. During the night, OH is close to zero and Eq. (2c) reduces to
This method, using only night-time data, reduces the number of free variables. It completely
226
separates primary emission from OH chemistry. Additionally, it allows the use of C9 and C10
227
aromatics measurements, as the OH rate constants for these groups are not well constrained.
229
The measured ratios of C7, C8, C9, and C10 aromatics to benzene were described using a best fit
230
of Eq. (3) to the data. The free parameters in this fit are PB and ER. A best fit was determined 231 separately for each of the four aromatic ratios, providing four, similar, independent estimates of 232 PB ( Fig. 3 ) and four emission ratios to benzene (Table 2) . We evaluate the fit by comparing 233 emission ratios to literature values and the composition of plumes from nearby sources, and,
234
second, by comparing emission rate to an independent estimate.
236
The derived emission ratios from this analysis represent an averaged source composition of all 237 point sources contributing VOCs to well-mixed air. In Fig. 4 by correlation with wind direction .
250
There is a clear distinction between oil and gas sources. The difference grows with carbon number; 251 i.e. gas producing-wells emit a lighter mixture of VOCs. Emission ratios suggested by our analysis 252 suggest significant contribution from both oil and gas sources. In addition to the oil/gas distinction,
253
there is a large range of variability in source composition of aromatic species. This variability is 254 difficult to represent in bulk emissions estimates and models. Together with supporting evidence 255 from aircraft that emissions were reasonably well mixed across the basin (Oltmans et al., 2014) ,
256
our analysis provides an independent measure of average emissions composition. methane:benzene ratio is independent of location in the basin -it was similar in both the eastern 269 gas field and western oil field (Oltmans et al., 2014) . The methane:benzene emission ratio was 270 approximated from 2012 measurements and 2013 plumes (ER=1330±80 ppbv/ppbv).
272
The polluted volume of the basin was determined from frequent ozonesonde measurements at a 273 number of locations in the basin, as well as aircraft profiles. They showed well mixed ozone 274 concentrations up 1600-1700 meters above sea level (100-200 meter above ground level at 275 Horsepool), above which mixing ratios decreased sharply (Oltmans et al., 2014 . The MCM OH estimate is generated 332 using more than 12000 explicit reactions comprising degradation schemes for nearly all 333 hydrocarbons measured at the Horse Pool site and has been applied previously to photochemistry 334 in the Uintah Basin Edwards et al., 2013 literature sources are given in Table 3 ). We also assume that the only source of these species is 364 photochemistry; i.e. they are not emitted directly from primary sources. Methanol and 365 formaldehyde are included in this section as they are oxygenated species. However, the high 366 observed mixing ratios of methanol and formaldehyde (Table 1) , previous modeling work 367 , and knowledge of industry practices indicates that these two species also between OH and VOCs, and are the most important precursor compounds (Fig. 8b) . We can 385 therefore use the simplifying approximation of constant precursor:benzene ratio.
387
Again, the analysis was first applied to night data only. During the night, (5b) reduces to:
389
Using Equation (6), a best fit was calculated for acetaldehyde, formic acid, acetone, MEK, 390 methanol, and formaldehyde ( Fig. 9) , providing six values of the primary benzene emission rate 391 (PB) ( Table 3) .
393
The best fit functions to acetone, acetaldehyde, formic acid, and MEK for nighttime data only were 394 able to predict a decreasing trend in the ratio of VOC:benzene, but did not replicate the strong 395 decrease in ratio towards the end of the night. process. In the absence of an appropriate loss term, a best fit using Equation (6) for acetone, MEK, acetaldehyde, and formic acid, using daytime data (Fig. 9) , to determine values 451 of the formation rate constant (λf) for each compound (Table 3) .
453
The best-fit of daytime oxygenate ratios is better able to explain the measurements, with R 2 values 454 of 0.4 to 0.8 ( 
474
First, carbon mass concentration is conserved. The total organic carbon mass of primary compounds 475 lost to oxidation must be equal to the total organic carbon mass gained by secondary compounds.
476
To quantify this mass, we use the loss rate of a primary compound to oxidation:
478
The amount of organic carbon lost from all primary species measured by PTR-MS and GC-FID
479
(compounds listed in Figure 10 shows the upper bound to measured secondary species
501
(including both methanol and formaldehyde).
503
This gap between the calculated (expected) mass of secondary species and the measured mass of 504 secondary species is a factor of 5.8 (Fig. 10 ). Other measurement and modeling studies of the
505
Uintah Basin suggest that unquantified secondary species are responsible for a large part of this 506 gap: many additional oxygenated VOCs were detected, but not quantified, by PTR-time-of-flight
507
(PTR-ToF) mass spectrometry (Warneke et al., 2015) , and MCM modeling indicates that carbonyl 508 groups formed from higher-weight species (e.g. aromatics) were not only abundant but major 509 drivers of ozone formation.
511
Oxidation of quantified secondary species to CO and CO2, or loss to mixing out of the basin are 512 alternate explanations that could account for some of the disparity. Using a second carbon mass 513 balance technique, we show that unquantified secondary species are an important factor. The 514 second technique compares oxidation rates: the oxidation loss rate of primary species must be 515 equal to the photochemical formation rate of secondary species. Neither of these processes is 516 affected by higher-generation oxidation reactions or loss to mixing or deposition. A disparity 517 between the carbon mass loss rate to oxidation of primary species and the formation rate of 518 measured secondary species means that there must be other, unquantified, secondary species 519 forming. Therefore, comparing oxidation and formation rates provides a way to determine if the 520 mass disparity between calculated and measured secondary species is at least partly due to 521 unquantified compounds.
The total oxidation rate of primary species was determined by applying Equation (7) to each 524 measured primary species, then summing over all primary species. The formation rate of quantified 525 secondary species was determined using Equation (4). The first term in Equation (4) is the rate at which a secondary VOC is produced by oxidation chemistry, not the rate of net 528 increase in mass (net = formation -loss). As in Equation (5b), this can be simplified to
λf is the formation rate constant, and was (above) determined for acetone, acetaldehyde, formic 532 acid, and MEK. The oxidation rate of primary compounds is a factor of two higher than the 533 formation rate of acetaldehyde, acetone, formic acid, and MEK (Fig. 11) . This large disparity Table 2 includes results from the night-data only best fit (emission ratios, benzene emission rate), and the full time series (including both day and night) best fit ([OH], kOH, and R 2 ). day data (red). The background is colored by sunlight intensity to distinguish day and night.
601
For reproducibility, the initial ratio for each night was chosen from the 10 th percentile of 602 points during the first two hours of evening. In practice, best-fit parameters were largely 603 insensitive to initial ratio, so long as the selected initial ratio was close to measurements 604 during the early part of the night. A diurnal average is shown to the right. 
